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ABSTRACT 


Shock shapes were observed and static pressures were measured 
on spnerically-blunted cones at a nozsninal Mach number of 5.8 over a 


range of Reynolds numbers per inch from 97,090 to 235, 000 for angles 


of yaw from 0° to 8°. Six combinations of the bluntness ratios 0. 4, 

0.8, and 1.064 with the cone half angles 10°, 20 and 40° were used 

in determining the significant parameters governing pressure distribution. 
The pressure distribution om the spherical nose for both yawed 


апа unyawed bodies is predicted quite accurately by tne modified 
Newtonian theory given by C = © cos” η, where η is the angle 
р D 
"inax 
between the norínal to a suríace element anc the flow direction ahead 
oí the bow shock. On the nose-cone junction and the conical afterbody, 


cone half angle was found to be the significant parameter in deter- 
wining the length of the transition zone. For @ cone half-angle of 

40°, a pressure minimuri exists on the ckirt immediately downstream 

{the nese-cone junctioa, vui tir pressure ricinimura is located far 

downstream when the hali-angle is 20°. The tangent cone concept at 
angles of yaw is useful in predicting tne aownctreain movernent of the 
pressure minimum. Shock cetacnment distance between bow shock 
aud body surface on the axis varies linearly with aose radius. Dray 


coeificiento for bodies гі gero yaw compare very closely with those 


obtained by inteyrating tne mociriea Newtonian approximation, cxcept 


at large half-angles and low blastnercces where агаз approaches thar 
given oy the Taylos-Maccoll theory for sharp cones 
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drag coeificient, dimensionless 


ioredrag pressure coefficient, dimensionless 


PIE 
— , 
p U 


о œ 


pressure coefficient, dimensionless 


ое 


pressure coefficient at the stagnation point, dimensionless 


shock dotaciunent distance, inches 
unit vector in the z- direction, dimensionless 


vait vector in tio y- alreciión, dimensionlesso 


tr 4 


unit vector in tne z- carection, dirnensionless 
Mach number, dimensionless 

unit vector normal to surface, dimenvlonless 
alí pressure, li. /so. in. 

dynamic pressure, lo. /sq. in. 
acse nyeus, incues 

cone base radins, ¿aces 
Reynolds number, Gimoenzionlezs 


bluntness ratio, dimensionless 


4”? 
о 


© 


stance measured oun tne surface fro: ike intersection ої 
model surface vith ite і 


longitudinal axis, inches 
nonedimensional orifice distan 

steam velocity, 2%. / вес. 

a тїзїї hand system. cf coordinate as: fixed in the созу 
yaw angle 

ratio of specific neatc, cümensionlest 


^»racient 


(5 








> 


angie petween frec stream flow direction anu tre normal 
to the sody surface 


cone halt angie 

тты ; 2 + 
air density, lb. sec. /ft. 
polar angle oí spherical nose 


rneridian anple 


Subscripts 
d eap er 


7 eae oe s 


O, 
Cde 
ο. 
O. 
( ). 


J 


í Ρο, t». 
O, 


Oe, 
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м2 


Superseri 
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static condition in trout of bow shock wave 
static condition behind bow shock wave 

free strear: conaitions 

refers to stagnation, or reservoir conditions 
refers to nos¢econe junction 

at minimum pressure point 

static condition 

refers to total heat in front of bow shock 


refers to total heaa behind bow shock 
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cone hali angie oi tamment cone 





1. INTRODUCTION 


Current interest in hypersonic flow over blunt nosed bodies 
has been generated by the realization that the effects of high recovery 
temperatures on present day materials force the use of blunt nosed 
missiles, not only to reduce the heat transfer rates, but also to pro- 
vide the nose volume required by internal coaduction, and by cooling 
Or guidance apparatus. in addition to these considerations is tne 
heartening fact that for a fixec body length or body volume, the nose 
shape producing minimum pressure foredrag is blunt. igsers, 
Resnikoff, and Dennis (Nef. 1) show, for example, that for eguali 
fineness ratios the dras of the 3/4- power body is as much as 20 per 
ceat less than that of the cone over a range of iacr numbers from 
2. 73 to 6.26. Sornmer and Stark (Ref. 2) show that for equal fineness 
ratios the drag of spherically blunted cones is less than that for cones 


í T 


over a wange of ach numbers irom 1.2 to 7. O. his condition wes 
shown to exist for bluntness ratios up to 12 per cent. 

At hypersonic speeds Ihe component ol filght Mach number 
normal to the surface of a bluni body is much larzer than unity, and 
the inertia forces predoniinate over the elastic forces in the disturbed 
air. But this condition is precisely that postuiatcc by ivewton in his 
original treatment of fluid root on, as pointec out in Reference 1. In 
Newton's theory the fluid is regarded as a collection of discrete particles 
with no interaction between particles. Ti admits no shock wave and 


hence fluid particles are unperturbeu before string the surface of a 


£ Y. 


vody Fhoving through tuem. Ac cach "particle strikts tae surface, it 


Г 


loses the component of its moruentum normal to the body surface, 

while its tangential component is uncnanger. The loss in normal 
momentum appears as an increase in pressure et the surface compared 
with the free strea:r pressure. ‘she Newtonian pressure coefficient ic 


^» 


= ° ہہ‎ 
= 2 сав n 


where р із tae angle between tae free stream flow direction and the 


normal to tac body surface. In the language ol modern gas dynamicé 


Newton's analysis applies strictly in the limiting case: M—> со 


Wewtonian tCicory preuicts & pressure coeificiont at tae stagnation 


point, o , qual to 2, out in à real yas trae now shock wave produces 
“max 
a iinite voluine Cor.preocion and the rest of the ceccleration to the 


£m 


56tiznation point occuro ioentzopically. Therefore the actual value of 


^ 


E іс pommewhat less than 2, being about 1.52 for M = 3.6 and 
Froax 
Y 231.4, ànd i. 66 &àt 22 2 2. As discussed by Lees (Ref. 3), Oliver 


(sex. 4), and Penland (ef. 5}, the prossure distribution over a blunt 
body ic predicted quite aeccuracaly if the Newtonian theor, is modifica 


* 


by intvoducing the normalized pressure distribution 


This result agrees exactly with the recent stagnation point theories of 
Ting-Yi Li (Ref. 6) and Hayes (Nef. 7). 

tow the Newtonian approximation also predicts quite closely 
the value oi the pressure on the surface of a semi-infinite unyawed 
circular cond, provided À bla 9. is sufficiently large. The object 


ee o 


of the preceat investinal,son is to Iavestigate experimentally the 


\ 
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surface pressure distribution and shock wave shape in the intermediate 
recgion extending from the stagnation-point zone on a blunt nose to the 
eng of a conical afterbody. Oliver (kef. 4), ina recent study of a 
2 х | | 
siberically-blunted 46” cone, observed an over-expansion below 
the final Taylor-Maccoll pressure value on the conical skirt, 
ivdlevec ly a recormpression to tne proper asymptotic level. The 
preseat study seeko to determine what parameters are significant in 
weterz.ining the length of this transition жопе, as well as other main 
ТЕТІК of thue [loy Y£ sal t C > туру) ы Ela с 151; th t 
LECE CUPE Y ¿ae low. it @L66 exvenas tae COoxaperis OT Wie. e Newtonian 
anproriimnation and tnviecic сопе theories to the case of a yawed body. 
бен осете e f. f£ $4913 ote | icular coi $ ith t (3 - 
Cix models in tice lorr ol truncated circular coneg with tangen 
fialiy tonnecteg spherical nose segments were used to obtain static 
^ i - UR T 3 г c Ж ,9 ο 474 е „О 
pi?esure mieäsuremente at anıles of yaw oi GO, 4, ancs . The 
ae T L 2 aep a TTE ο. ο 
parameters which were varied were cone half angle, "o 20”, 
and id аса bluntniss ratio, vr ratio of nose radius to cone base 
om 7. ^ Xx ^ ۴ E o; 243 1 
7 aul ae, С co, = 5. 2, Jd. 3 «55-1 1; GUS. 
nie tests Were conductec at @ norninel mec number of 5.8 in 
іле GALCIT Ox 5 inch hypessunic wind tunnel. The experimental 
feuultc presentec in thi raport wera obtained jointly with LT AX. M. 


аслеп, 0. 5. Navy. 





ll. EQUIPMENT AND PROCEDU 
A. Wind Tunnel 


The tests were Canducted in the GALOIF 5 x 5 inch hyper SONIC 
wind tunnel (leg no. 1), which is of the continuous-ílow, closed-return 
type and can be operated wita supply pressures between 1 and 6. 7 
atmospheres absolute. The Mach number was nominally 5.8. AU 


4 


ο 
tests were made at a fixed reservoir temperature of 225 F, overa 


range of reservoir pressures irom 37 to 95 lbs. per sq. in. absolute. 
X 

“ius teruperature was selectec to yield maximum Reynolds numbers 

pez inch while insuring the assence of air condensation in the test 

section. A schematic diagran. ox the wind tunnel installation is shown 

in Figure l. The test section, with one side plate rensoved, and two 

methods of rnodel mounting shown in Figure ш. As extensive 


description oí tine experimental facilities is given in meference 8. 


B. Models 





ihe six truncated circular cones with tangentially connected 
spherical позе segments shown in Figure 3 were usec in the investi- 


^" 
Га 


sation. They were constructed of: 


) 


< 


ra. sand each паса base diameter 
of 1.75 inches. The paranıcters which were varieu were tae bluntness 
ratio, defined ag the ratio of the nose to the base radius, r/R, and the 
cone half angle. "The biuntnezs ratios used were 0.42, 0.5, and 1.064. 
The cone half angles used were 10, 20, aad 40 degrees. Variation in 


these parameters caused mo: i length to vary from . 613 to 1. 734 inches. 





1, EQUIPMENT AND PROCEBURE 
A. Wind Tunnel 


The tests were conducted in the GALCIT 5 x & inch hypersonic 
wind tunnel (leg no. 1), whichis of the continuous-flow, closed-return 
type and can be operated with supply pressures between 1 and 6.7 
atmospheres absolute. The vach number was nominally 5.3. АП 
tests were made at a fixed reservoir temperature of 225 Fr: over a 
range ої reservoir pressures irom 37 to 95 lbs. per sq. in. absolute. 


\ 


lniz ternperature was selected to yield maximum Keyaolds numbers 


- 


per inch while insuring the absence of air condensation in the test 
section. A schemaltic diagran. of the wind tunnel installation is shown 


1 


in Figure i. The test section, with one side plate rex:.oved, and two 


riethods of znodel saounting are shown in Figure 2. An extensive 


Gescription oí the experimental facilities is given in neference 8. 


B. M Models 





¿he six truncates circular cones with tangentially connected 
spherical nose segments shown in Figure 3 were used in the investi- 
sation. They were constructed of отэ. 5 and each had a base diameter 
of 1.75 inches. The parameters whic: were variec were the bluntness 
ratio, defined as the ratio of the nose to the base radius, r/R, and the 
cone half angie. The bluntness ratios used were 0.4, 0.8, and 1. 064. 
The cone half angles used were 10, 20, ааа 40 degrees. Variation in 


these parameters caused сс i lengta to vary from . 013 to 1. 754 inches. 
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ang heace was merely 2 segu 2 spnere. 
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static pressure orifices on tic front surfaced were . 014 to . 020 


4 P dl `. "5 t . y w -? * ` ΄ 4 = e pi. ` м “ ч f < ет, 
inches in diameter and were small ewoul: to insure 4 precsure varia- 
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Ы: 


-i e w w μ᾽ +. л”-.., εως» ES =... ” < a . SEN: In 4.” 2 С x 

tion Qerocs the osifice üarıuter of jers than five ver cent of tne stag- 
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ogre ы > 
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orilice intergecteld a sima wich was deiliedn [vom trae alter end of the 
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model eating. 2 Эхо Googk Wes subsequently отек ΘΟ Lus Pressure 


+ 
.- . Lo “Aue м. e 4 t0 = Dm ¬ 1:3 * ° =. ту NC 3 s 1 4-- rong ve E ; “ar ж 2 
would be tranciuitte! through the dîtan tube insertec in the side of the 
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particular сәәсеі Luape. 





ον 


С. Model Mounting 


т 


The models were mounted in tke test section in tno region oí 
rnost uniforin flow conditions as determinec sy previously conductec 
static pressure calibration surveys. cistance from the nozzle throat 
was 24 inches wnuen imouels were mountec on an axially driven cupport 
rod as shown in Figure ¿A The support roa itzek was in turn Supported 
at its upstream end by a vertically actuatec strut which was at least 
4,5 inches downstream of the model base. 
was aced to tect five models at zero a; 
models were mouniec oi two vertically actuateu strats 3.575 incnes 
apart as saovn in Tigure 28. stance frorn the nozzle throat was 


с> 


22 inches and the mosi forward strae was 2. o inches downstream: of the 


19 


¿mie Tactho. Of tneunting was eed to test a sixth model 


t у 


model base. 
at zero angle of yaw anc two others at angles o 
as well as at sero yaw. 


n 


ar * ВЖҰ- Be. ye a Zz Ren ee 
ffodel stings were cesizaen to conforn. to the size 


fend 
ΕἼ 


sast Likely 


- 


to affect ctatic prescure readings according to zeíerence 7. For some 


C 


< 


mocels one or two pressure tapes on tue bage were positioned oulsice 


e 


the circle of radius 0.75, but these tubes had a neslisinie efiect on 


ack model carries a cluse fittiny collar-anc-shact type eting 
sue: that a collar screwed to the base of the n:otel fitted over a shalt 


screwec to tue model support, thus perraitting rotation of the znodel 


C 


o % 


about its lonyitudinal asis, A set-screw in tne collar permittea the 


model to be lecked in any cesirea rotational position. (Figure 4) 


EE 





Saran tubing, a flexible plastic tnaterial, was attechea to the 
steel tubes at tue base of the rode and was lec to tae outside of the 
tunnel through ''oering seaic ina side port of the test section. 
Donnecilung were there made to either silicone ce mercury wanometers, 
aepending on expected predagures. The system val terororughiy leak- 


checked, 


1}. Test Procedure 


TR = 


i. Pressure sieacsurement 


Reference 4 indicates tne time required for ten perature stanili- 
zation oí model and test section is approximately 1+ hours. Accordinaly, 
tae tuanel was operatec lor this lenyto of time at tae stagnation pressure 
Gesived for pressure i;easurezoent oefore readings were taken. 

in order to w.inirnaize the effects of irregularities in flow 
direction occurrina acrogs tae test section, the modei was rotated upon 
its асіс to three difícrent positions 96 degrees apart during zero yaw 
tests, and pressures vere reaa at eaca position. A gindlar procedure 
for minimizing flow irregularities was used ia angle of yaw tests, 


except that a complete survey of pressures along each of the eight 


бо 


rave of the zuodel war Gesived in üdaoition. 4o &ccoicplish Doth airs, 
tue model was rotated to eaca ol ¿our positions 45 dexrees apart, 
beginmüuy with à ray in & vertical position. In each position the model 


O > Ό 


; à ee | 2 

nose wae moved successively to ani ies о? уам өзі 07, +5, 07, <“ , 
о. | 

and -& in the wertical plane, ana pressures were taken at each angle. 

The use of minus angle ok yav, positions reduceu by nal the number 


` 
£ 


oi times the mogel had to be rotated. 





2. Tests 
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Al six moaels were tested at zero angle of yaw ata stagnation 
pressure of 75 lbs. per sq. in. absoiute. In order to ascertain 
Reynolds number effects, models 1 anc & were tested at zere angle of 
yaw at varying stagnation pressures. Angle of yaw tests were also 
perfornied using models lund4 These models were selected because 


they were completely ciosimilar in the two yeometrical parameters 


varied ia this investigation. A summary of test conditions follows: 


Test Conditions 


vertical 
Model No. | Yaw Angle | IN Ke/in. x 10 
(degrees) — 


D 


Е 
^ 
s 

£= 
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А. Schlieren Observations 


figures & through 13 are schlicren photoprapne of the six 
models at zero angle of yaw, at @ nominal laca number of 5.8. 
Figures 14 through 17 are photographs of models і апа 4 at vertical 
anules of yaw οὗ 4 and © degrees. 

As in most hypersonic flows, the shocu wave is fairly close te 
the body surface. The outstanding feature of tae schlieren observations 
is the variation of shock shaps with conc half-angie. Cone half-ancles 
of 40° show a charactoristic inflection point in the shock wave same 
distance downstream of the spherical nose portion of tae model, but 
prior to the intersection with the first Mach wave from the model 
base.* (Figures 8 and 9) For sinall bluniness ratios the shock shape 
18 dorinated Sy time cone skirt, as shown in Tigures & and 19. гог 
large bluntness ratios, shock shape is dominated by the spherical 
пове аз shown by Figure 9 ane by Ligures il tarougn 13. These 
ooservations are true for 2ny angle of yaw from бш. However, 
angle of yaw produces some dictortion in the curvature of ine shock 
waves. 

The ratio of reasurec detachment distance, а, between bow 


shock апа body surface on the axis of revolution of the model at zero 


yaw, to model nose radius, r, is shown iu the following table; 








LA m 











т ° e^ 


ж See discussion of pressure distribution, page i4. 
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Model No. 











су CO © © cC 
pas {=з BR CO be D 
«Ox NS UA 
ο Ον МФ 


Ο ιὸν rm 2-3 n 


Average s 


+ 


Thus, shocx detachment varies nearly lincariy with nose radius, as 


φ 


predicted theoretically. For instance, "Wing- Yi Li (Ref. 6) predicts 


à value of G/rz 0.157 for M_ = 5.86 às given оу 


- 2 











where p,/p, is the ratio of the density before a strong shock to that 
Ç 
behind it. Hayes (Nef. 7) predicts a value of d/r= 0.113 for 
M = 5.3 as given by 
(< 


91/95 | 
1 + үг р/р 





Both theories assume that р;/Р> «« 1l. Since P1/ P» z 0.191 for 
in = 5.9, and i3 not very sinail compared with unity, the agreement 
is considered to be good. 

Heybey (Ref. 19) predicts a value of d/r = 0. 140 for M 55.5 


which includes a correction for conipressible flow behind the shock wave. 
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D. surface Pressure distribution 


Sa AA cc s 








i. & Unyawed Bodies 


7 AD o sss > 


ouriBceo pressure distrioations for the six models at zero yaw 
are shown in Migures i2 throujna 25.  Valuez oc ES u were 


- мах 


n 


obtained ízo:v o20serveao wuta ae cxplainca i. the Appendix. Both 


L 


C E s aad the quantity cos? n arpe saring iû the Newtonian approxi- 


<. TOM *^ «у 


Ro sro ploiteá vorsus tao nouenic.encioasRli orifice distance, Z/r, 


fa 


wherc n is measares alonj, ihe oocy cutiacs тоюы. tac intersection of 


tie nose suriace with the lon icodioal axig. Taylor=Maccail values of 


Eje. for a semisimiiaite cone, as given oy Nopal (Ref, 11), ere 


ry “> 
> των. 


also plotted over the.conical po:ition o£ eacizr odol. In order te bring 


f 


out the eXieci oí bluntness ratio, rf2, with cone imlí angle helé con» 


> ον ы? 3 h ^ 7 » Ν de п У am 2 À 3 ° e a 
stant, the daia oi Figures 1% ana 19 fox 9:39 40 dre replotted in Fic- 
29 ^ چ‎ A - de as x 5% t 5 EP 5 > o е 

are 24. Lixewite tao cati oi ripuregs cU throuth cé for @ = 20° are 


> "e e 


replotteo ia Figure 25. 


а. Spherical 1988 





Close 2yreemeni between experimental pressures and Newtonian 
tory ic évident on the орлохуісаі лове of each mocel. in each case, 


however, the test data iali eiughtly below tae theory in the region of 


» 


saget rapidly chauping pressure, The deviation io usually only a few 


% * ~ A 


per cent, in sore lastance: approaching 0 manwimu:. af only 15 pe 


Ld 


1 


cent, in the repior épproacaiuc tiie junction between the spherical 
nose anc comical eiterbouy 650156 i 0o00l£e suow а marked deviation 


associatea with locai effects. 





b, iNOseet,ono Junciior ¿424 Conical Sirt 
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L.waraination of 1 igur€s &+ and 25 srowe that oluntaoss ratio 
itself has very little effect on tue surface pressure distribution and taat 
tae imiieangle of the conical skirt ic tao üo/maunaat geoiaictzic poraon.eter. 
M pressure ninizaux Gown sitrer of ine 2ose~cone junction ic found on 


© 


» . 


the 40° conical orirt, 26 in „liver's tests, put tnis r3inimum movec 


4 . | Ке 
ie ic reduced to 25. 


PF 1 A) a. , т” ` 27 Ы т ~ ж ` ` £ a тат - E aus * 
CORHICEYTA DLS CaStaAnee οί удел сло Соло әш an 


7 ,% p .. > ` ^ 1 Dt “э ο - : zje - Жж M 2 nem. “A 7a е 
les tho pretsure ol inc spherical nose just apstreara ol 
j^ e- ΄ > > bra... ir. š eA ” яғы "Zum TW = * - >» ^C La 

the nose-cone junction thoula bu siven very closely by the modifies 


Ж "T du ue €^ « m % -4 б» - - Y^ es oF 
Mevio wan Approximation, becawse i sia) >>]. For exemple, et 


2 с 
u 2 
"E С sese 3 ^ С "WEM v m ^. s CO. v f£" az k ë 3 
5° . y = 18 a КК ЗА y = Leo "Е 3 € <= = ә ы? Sones ^ кө UL еле Zaylor=ilaccoll 


a 


е. p *3 مہ‎ : ans a? к” m PR š dat as . B- “4. EE Уч «^ Tat - 4 
pressure od tue FOC ikirt fÍ2: aowüstrezn:i is &oprori- 
6-4 
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t3 
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Pa 
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C 


Ρο 


= у θα. T 4 -ᾱ ἃ с. ec Уч“: =. + je Ж = " = 3 ayn >” 
ікйісіу 2.95 гіп @ for by ==, <, * co TARÊ f. Saould iie below 
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чә 
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accompanied by gn inflection poix iu tas Dow shock wave @s it adjuste 


` 
-. J 
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mnonotonically-decreasing preocure distribution typical of the limiting 

case ога hermispnere-cvlinder (@. = 0) for № > 3.50 fair) as expleinec 
“=> > Ü 

by Lees (ef. 32). Thet such behavior does eidst for neinispaere 


cylinuers has been shown experirnentally by many, see tor example 


Oliver (Ref. 2). ALA = 5.8 ihe pressures were shown to depart 


« 
ae 


from Newtonian values on the spherical nose ana consequently to be 
sO4nevhat higher than Newtonian near the nose-cone junction. Figure 
š E. | τῷ i К | 

23 shows this behavior for va z iJ. At tne same time the skirt drag 


does not approach the nose dras until the skirt length is several nose 


dia:neters long. For both of these reasons the pressure minimum 


τιονο5 rapidly ate with decreasing Ө.. <A critical value of the паі - 
angle exists below which the pressure rolnimium no longer occurs. in 


these tests this angle was approximately 20°. it should be pointed 
out tit this critical angle decreases with decreasing Mach numcer 
belo 2.6, and for M < 3.5 fair), over-expansion occuro even on 
tne hernaisphere-cylindge:. 


- 


Neglecting viscous efiecis, One WORMS not expect tbe nose-skKirt 
junction to inlluence the pressure upotrean: unlese tae Mack wave from 

tho juaction strikes the sonic line. At tee Junction the normal pressure 
gradient is discontinuous, anc the corresponding discontinuity in pressur 
gradient along the suríace is given by 


o” 


2 C tE 








I a 
48 C 
® Р--ах y ж” 1 2 1 
м -: Puras “ж mex 
ser el) the tonditions of the present series 91 experiments 
this aiscoutinuity in а CU C, 





ho 
νον 


woulu reduce the negative suríace pressure gradient, but would not 
reverse its sign. Now, examination of Figures 22 türougi. 25 chows 

ose=cone junction influences the surface pressure upstream 
rom. the Newtonian 


that the a 
to an extent that Camnut be explained by u 
Sgur 


eviations i 
at tue junction is 


distribution. lor exaraple, the pre 
cones, but is 37 per cent higher 


ouly > per cent above Newtonan for 40 
г > Q p E: ἊΝ 1 e 1 15 7% ^" e ° 
for 20° cones, and 146 per cent higher for 10 cones. The deviation 
plained, at least in part, by model surface irregularities 
© nose-cone junction because of the difficulty 


Any gradual 


can be ox 


a? 
ім 


„auch naturally occur at th 
ke desire! Yumi” in radius of curvature. 
irt wiil reduce the 


ua fabricating t 
eal nese with the conical siirt ν 


62» 


© pressure :.udiont on the nose and consequently raise 


negative surface 
the entire level of the cowiuctreasn precuure distribution. 
The data of Figures i$ and 2! and also Figures ¿4 and 25 do 
в отег the range tested. 
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oe awed 1 Bodies 
Surface pressure wistriputions fur mocers l anc 4 at a yaw 
, Ir 
nurangi: 31. Both "> “ and 
man 
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К n 
angle ol 
E Ah syes єг f dts <. er an ta -- -- e 
the quantivy Co2 7 are Again plotted véroal tee ron-oi а 
< е - A > ~~ ο 4 en 4 
esto 12 no longer a «inple 


T απ 16 ΤΝ 


πο / ; 1 = N 

ataca, Sfr, Тіс angle, 
{bods seometry, Out is a fuactios of ungle oi yawat well. 

| mca kil the Appendix. To 
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k 3 PROC τν EUIS o? wv UO. 2.43 


On: pate. 
e-dir:ensional espects introauced 


CAS = r >. 1 
FETTE mile as cox: 
¿As M 


ve жей "qu (e терү Әбей “Аты > of 


κι 
ч, 
2 EN теу; 77 1%, fa yo 37 г - AX de πμ i65 093 2 t: ^x ΥΩ 
t J ye W C. ts соса Ф, be CAL P oan. Y Р ХМАО. RE hove کا‎ alesis: N23 
m1 mc T: w Жа. m 3 f Р } 4 : 

piokop. These planes afe әгіефимел we follows; [i1) oue plane ic 

es to а. diagonal Merian Blanc, 

› 2 


тШ aiic $ , anu wre 11° зра 51% 





pe 
Σι 


from: the vertical meridian plane; (3) one plane is horizontal. Becuuce 
of symmetry, the data obtainec on the two diagonal planes have been 
averaged anc plotted as for one plane. Likewise, thes data obtained 

сы the two halves of the horizontal plane have also been averaged апа 


plotter for one halt of tio plane. Values of C/C for & yawed 
| p Prax 


cone, as given by tic Stone-lopal firet order theory (Ref. 13), are 


also plotted over the cunical portion of each rnodel. 


a. _ Spherical I, 1058 
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Yaw data show tuc same close agreement with the modified 
Newtonian approximation on the epaerical nose as in the sero yaw case. 
in the region of most rapidly cauanging pressurec, the experimental  . 


4 


ixaportance to note at this point that in the yawed tests, except for tre 
vertical meridian plane, the pressures obtained 

perniculár geomibirio yay Are Not pressure along ore streamline, but 

are proelures Uteliic. о. шоу Tilferent streati.lines. Hence, the 


qe 


αιωςζλ eu Newtonian bew olds over the eutire suriace in any direction 


5. овое Соле Junction and Conical Skiri 





In order to bring ont the effects of yaw, tne data of Fizures 26 
arc replottec in l'ieuro 32. Examination chows tac rown- 


геал: ovement of the z0inin umm pressure point as halí angle is 


i0 Convcealon. to utilizo a concept somewhat anaiggous 


o 
£ — 
2 
H 
2 
Аз 
س‎ 
eO 
i 
e 
$e 

4 
«nt 
фр, 
by} 
a 
pute 
+ 
NR 


to the tangent conc approiriation. Tne upper and lower conical rays in 
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the vertical weridian plane way be regarlel at the various atiglec of 
yaw testel es bolbajití, te tuo other cones at sera yaw whose half 


“en € x. е. 2 Ces 4, 
алуа Аге given оу И бло, 


9 B a (Lower nal plene) 


- | oppor hail plane) 


4 
tt 
$. 


Jos ым Сео аымаісі8, then, rour coner way ре considered whose helf 
| à о а o LL m $ r3 ο 
ον &ro 12 , 55, 22, Фла “ὦ . f May e presumed ¿ahi tae. 28 


соле, repensented $n vae lower anli meridian plane of model 4, would 


с. 


ауз а mini ua pressure point vere ita siúrt fo be sufiiciently 


Без 


e below the Stene-Kopal 


. ἃ 4 . .. % даш A’ b ем. 2 f ΜΕΝ 
ЗСЗ СІ SOG PR Low ¿Cil 6236089 32 ου ο σώς O9 i 


value o3 Cue conc. (25 tie other kon: tae pressure Gistributicn over 


5 ر 
m у es ALi 2 nx Е б Ἢ o. ЖҰ ы, гм - ТР” 5 ? 7, 7 = - -‏ 
mé 12 Bent cong, E ылы әмууз URE OLE Opa values, DOVES very‏ 


. . ‚ Є» т 
Ë Z; 3 ا ا ت‎ ü B " 2 ° & Yu ma гт“ 
similarly to teat <ivern Dy uae 18° Cone oi Fibure Z3. The yew data 
5 - ‹ >, = e = + үзг JE, ` hia Гь хуу ы ds] - t -- 
confir oF SET AD reeks in vi the cratical value of ыз below. 
- 
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Yaw tects show again mat tae nose-cone pinction influences 
the surface pressure upctream to an unexplainea but qualitatively 
predictable extent as half angle is varied. Jer cent deviations of 
pressure coefficients fror. Newtonian values for actual and tangent 
cones as obtained from Figures 63 through 25 anc from Figure 32 are 


SUENE 





Ç a | | Jeviation from 
A < $“ ә А Rl 5 чут » 
Model No = 
Newtonian (pex cent) 


+, 
= 


ل 


3 
“- 
* 
1 
С 
> 
o 
4. 
4 


Q^ —› Км? 2 


then the cone skirt is sufficiently long the data show that the 
pressure арр roach the tangent cone values niere closely than the 
values given oy the .Хопее nopal first-order theory. Also shown in 


Figure 32 is the fact t nat( -P- Eee LE να» ries linearly over the range 
ЕРЕ, Frnax * 70 
οὗ νῶν angles tested, 
Variation of G/U. with variation in rnaeridian angle is shown 
p Yma "E 
in sigure 3. as replotiel icon: Jigures 26 through Z9. 
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e. Drüg 


` 


Oy integrating the zuodiliec Newtonian approximation 
ὦ x ү ) ; 
Е e E = cos” n over the body surface, the following exprecsion 
^ Pmax 
for drag coefficient at zero yaw ic obtained for a spherically biunted 


сопе; 


In Figure 35 drag cocfficients obtained by graphical integration 
of the experimental pressure distributions for the six models at zero 
yaw are compared with the theoretical value. The Taylor-Maccoll 
values for sharp cones are also shown. 

Exandnation clearly chowg the close agreement with the 
modified Newtonian approximation. However, at nigh nalf-angles and 


low bluntness ratios, tae drag approaches that given by the Taylor- 


Wiaccoli theory. 
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iV. CONCLUSIONS 


The results of this investigation provide the following conclusions 


regarding surface pressure distribution and shock wave shape for spheri- 


cal nosed cones at 2 nominal Mach number of 5.8: 


11) 


(2) 


(4) 


Static pressure distribution on the spherical nose agrees 
very closely with the modified Newtonian theory over the 
range of x from 0° £o T oí e from 10? ro 40°, of r/R 
from 0.4 to 1.004, aad of Reynolds number per inch 
fror 97, 006 to 256,909. 

Gader ali conditions of the present investigation the half 
angle of the conical giirt is the dorninant geometric 
parameter by which pressure distribution over the nose- 
cone junction and the conical aiterbody may be predicted, 
while bluntness ratio itself has very Little effect. 

¿here is a critical cone half angle, 6, above which there 
exists a pressure ministra on the conical sxirt. This 
pressure minimum is far downstream ior low 6 and 
fnoves towaru fic nose cone junction ἃς E increases. 

The critical 9. Σοῦ Mo = 5.8 is about 209, and the 
pressure minimum moves from a point 2. 28 times the 
nose radius downstream of the nose-cone junction for 

9 = 20° toa point only . 06 times the nose radius downstream 
of the junction for v = 48°. 

At gero yaw tne pressure on sufficiently long cone skirts 
approaches quite closely that given by tae Taylor-lísecoll 


theory. 
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(5) At angles of yaw pressure distribution on sufficiently long 


(6) ( 


(7) 


(3) 


(19) 


cone skirts approaches quite closely that given by the 
laylor-Maccoll theory as applied to tangent coneg. The 
Stone-£opal first order theory for yàwec cones predicts 


the EC behavior less accurately 


c 
L ) Me varios lineariy with variation in angle of yaw 
Ср,» с 
max Pas 
| сб 
in the range from o? : 


There are no significant Reynolds number effects over the 
range ofc, $. r/ñ end R A, tested. 

Bow saock detachment distance on the snodel longitudinal 
axis varies linearly witn model nose radius. The ratio 

of detaciunent distance to nose radius is found to be 


0.164 ag compared with the predictions of Li, Hayes, 


anc Heybey which are 0.137 0.118, and 0.140, 


Ter @_ sufficiently large, and hence for a minimur. 
pressure point sufficiently near tie nose cone junction, 
an inilection point in the bow shock wave occurs. 


з 


гог low oluntaess xatioc saock chap 


(y 


is dominated Ly the 
conical aiteroody, while ἔοι high bluntness ratiog, shock 


Shape is dorninatec оу the spherical noze. 
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A. Computation of C, /C at Zero Yaw 
ғ m na F up 
li'« ἃ 





Manometer values of static pressure were subtracted from 
manometer reference pressures to give static pressure at each orifice 
in cr: Si or em Hg. Since both silicone and mercury manometers were 
vacuum-referenced, the pressures were then corrected by the amount 
the vacuum differed from zero pressure absolute. Then all silicone 
pressures were converted to cm of mercury at existing roorm teme 
peratures, giving static prescure p.. The pressure at the stagnation 
orifice is assurned to be the total pressure behind the bow shock wave, 
Pç ° E 


2? 
c 


inch upstream of the throat was converted from lbs. per sq. in. gage 


о get free otroam total pressure, Ρε» tie static pressure one 
} 


to cin of mercury and the barometric pressure was applied. The ratio 
р, / 9, was used to enter Deference 14 to obtain M and P/P; . The 
EI 1 


latter value, when multipiied by p gave Dy, the free stream static 








t ә 
1 
pressure. Thus the xatio C, /C was obtained as follows: 
max 
а Р. P 
С = -MOR © S 1 
р a Ч. 
Pe, 2 Pi 
G = 
Proax oc 
! 
and 
pot. 
cC s pd 
Pmax E P, 





m 


2. Con;iputation of C αὖ En м Angles of Yaw 


CMS туч AK 











3 


At angles of yaw, ne orifice ‘vas located at the stagnation point 


fromm which p, could be lovin. р, was obtaineu by using the pressure 
% 2 
at the nose orifice wita tue то node} at zero angle of yaw end assuming that 


2 


thig value remained unchan (e at angle of yaw. Since the model could 
1 


be quickly altercó in angle oi yaw without changing tunnel conditions, 


the assumption is a valid onc. 


2 
C. Computation ol cos n at 2 zero Yaw 
m dir ee ee Eee 


стаз -τιφι-αν ον Tm 








= < 





t=3 
[2 
© 
о 
E 
5% 
$e 
> 
I 
~ 
pa» 


© defined as the angle between the free stream 
fic. direction and the normal to the surface at any point in question. 
Lmeowing the location of each orifice perniits the determination of η 
- ὦ 
anu mence cos 6 
a 
u — 
D. Computation of cos n at Angles oí Yaw 
The angle, η ig a function of the angle of yaw as well as of 
a function of surface geometry. The spherical nose and the cone siirt 
are treated separateiy. 
ihe equation of a sphere in rectangular coordinates where the 


^ 


origin of the axes is at the ceuter of the sphere is viven by: 


FL. 


eae unit vector normal to tne Sphere iz definea as the quotient oí the 


gradient of tac surface anu the absolute value of the gradient. Hence, 


- τε 
ο ον 


where V £ s 





ου 
UC 





ana 
2 & 2.5 
IVE] 37 2 fe E 
Therefore, 
= =p ue» 
= 1K + jy E KZ 
Ті -— με 
= 
2 
-i cose 
k sina 





From the sketch the folowing quantities are defined: 


a s angle of yaw in the 2- plane 


с = polar angle measured from the x= axis 


li! 


ineridian angle m.easuret counterclockwise on th. base of 
spherical nose segment Írom the vertical gz- axis 


Any point on the surface is definet by the coordinates where 


T LOB σ΄ 


e 
В 


y = xr gino sin Ó 


t= 


N 
n 


r 5iP o cos ф 


inc angle of ya in the z- plane is given by 
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-- ae . 
a = » J] COS FO + E sin « 


Taen cos n 38 defino a9 


cog] = +n O 


en) 


where en is the inner unit normal at any point, P. 


Hence, 


c» «oma 
c 


сов Л = =й Ос = -~ ging sin v coe $ 4 соб с сов 0- 
The equation of the cone is 


EM 2 i: 
f. = и 206 - y -z 


i с 


1 
сә 


where e is the cone halí angle, 





=1 COS a 
| [ a 
k sina 
trom the sketch, any woint, Y, uw We et Mike is definea by 
, Д” 8 3 


the coordinates where 


Ju e sin 


ы; 
{ 
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2 
τε alí tan” 9 = jy - kz) 


| > > 2 4. à 2 T 
>< а(х” (ап 6 t y +27) 
<p 2 > + 
o 1x tan “2 -1У- Rz 
11 e -- e 








x tan 0 бес Әс 


n = i sin 4, % ТТ соз 6 зіп ф + K cos 8 cos $ 


€ с 
Hence, 
eos ПІ есе еп oq к - соз 9, соз ф Sin: “ἡ sin Y, cosc 
where 
S E " 


at the junction cf the spherical segment and the cone. 


-- ^ де М Жаа” Ned Е У 
i4 Accuracy Considerzatioag 
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a ΄ . y 8 E 4 а um? 
1. Measured Jjuontitios 
< заробила + GF) ae ees ---ῳ. с -- Q лар 


lhe iollovinp is é list os possible sources of error in the 


roeasgured static pressure, рь, and reservoir pressure, р. : 
1 


(1) Xeadin; errors 
(2) Orifice diameter 


(3) Orifice location errors 





со 


(4) Фуре ої уат errorc 
(5) Meridian anple errors 


- 


Ihe maximum randor. manoıneter reading error was estimated 
+ us а 
to be - 0. 3 per cent oí tho stagnetion pressure ior à roborvoir préscure 
of GO los. per sg. in. сёле, „rilice diameter was designed to give a 
& 

maximum pressure variation £rom the mean of - 2.5 per cent of tnc 
stagnation pressure. tlowevey, if 18s aesumed that pressure trangmitted 
to the manometer varien by @ negligible amount from the mean pressure 


acrose tae orifice, Deviatioas rrom designed orifice positions were 


: Ἔ 
such as to produce errors no larger than - 


0.5 per cent of stagnation 
pressure. “rrors caused by angle of yaw and rneridian angle setting 
errors were neglivible. 


a. tatic pressure, p. 


ar 











2otal error ia ps 19 given as follows; 
É “4 + 
Reading erro: ~ 0.3 per cent 
“м... | + 
Әгзізсе sige - 0.0 per cent 


1-- 


Variation in orifice position 0.5 per cent 


Total error in P. 0.3 per cent 


о. Reservoir pressure, p, 
i 


^O Poo diu = 2 





do meos са 





The maximun. error in reading ihe correct value of reservoir 


A. 
eesure was - 0.5 per cent of stagnation pressure. 


Y 
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e Computed Quantities 





As the result oí errore in measurements, tho computed quantities 


had errors as follows: 


+ 


AS 
# 
tl 


i 


e 
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3. Plotted Quantities 


0.03 per cent of stagnation pressure 


Ав the result of ihe errors noted above, the plotted values of 


ёл 


C. С contained maximum errors as follow 
max 





Region of Model igodel Mo. 
Nose to S/R = 0.2 all 


б/ғ = 0.2 to nose-cone junction 1,3 


— . » * 5 
s/r E 6.2 to nose-cone junction 2, 4,5,6 


wa 


Fraction of 
IC. 
Pax 


C aM 





< 1 0.01 


% ate 


0.012 
- 9.01 


< t 0.01 
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(B) 40? HALF ANGLE CONE 
r/R = 0.8 


FIG. 5 
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(B) 20° HALF ANGLE CONE 
r/R = 0B 


FIG. 6 





Orifice Sin.) 


ON orm Ph WW — 


Orifice 


о о схо ш го س‎ 


с СС со ο ο ο ο 


O C C со) О OCO O O O O O‏ نم ہم یرم سم سم 


. 093 


186 


219 
"tZ 


650 


. 650 
8951 


(A) 


20° 


37 





SPHERICAL SEGMENT 
r/R = 1.064 
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HALF ANGLE CONE 
r/R = 0.8 
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FIG. 8 


SCHLIEREN PHOTOGRAPH OF 40? HALF ANGLE CONE 


О 


r/R'z0.4. a 0 
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Εως 


SCHLIEREN PHOTOGRAPH OF 40° HALF ANGLE CONE 


r/R = 0.8, a = 0° 
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SCHLIEREN PHOTOGRAPH ОЕ 20° HALF ANGLE CONE 
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r/R=0.4,a=0 





FIG: 11 


SCHLIEREN PHOTOGRAPH OF 20? HALF ANGLE CONE 


r/R = 0.8, a = 0° 
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SCHLIEREN PHOTOGRAPH OF 20? SPHERICAL SECTION 


r/R = 1.064, a = 0° 
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SCHLIEREN PHOTOGRAPH OF 10° HALF ANGLE CONE 
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FIG. 14 


SCHLIEREN PHOTOGRAPH OF 40° HALE ANGLE CONE 


r/R = 0.4, a = 4° 
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SCHLIEREN PHOTOGRAPH OF 40° HALF ANGLE CONE 


DI CEU DM 8° 
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SCHLIEREN PHOTOGRAPH OF 20° HALF ANGLE CONE 
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SCHLIEREN PHOTOGRAPH OF 20° HALF ANGLE CONE 


r/R = 0.8, а = 8° 
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